PROPIO0TIBACTERIUM AND GLUCOSE 619 are as follows: 52W and 48W, P. shermanii; 49W and 36W, P. pentosaceum; 34W, P. arabinosum and 11W, P. petersonii. Culture 48W is culture 5 of Foote et al. [1930] . The results are calculated as described by Wood and Werkman [1936] . The non-reducing material is calculated as a 6-carbon sugar.
EXPERIMENTAL.
The results presented in Table II are unlike others reported in the literature and schemes suggested by previous investigators do not meet the requirements of these data. The ratios of propionic acid to acetic acid vary from 2-13 to 14-72; the ratios of CO2 to acetic acid from 0-92 to 6-29, whilst the succinic acid fluctuates from 7-9 m.mol. to 26-1 m.mol. per 100 m.mol. of fermented glucose. Virtanen and Van Niel found the ratios of CO2 to acetic acid to be substantially 1. The ratio of propionic to acetic acid usually has been found to be approximately 2 although Van NieJ found ratios as high as 5. This increased yield of reduced products was explained by a donation of hydrogen by compounds occurring in the yeast-water medium. Such an explanation is not acceptable in the present case inasmuch as the redox indexes show that in the majority of fermentations there vwas no excess of reduced products.
Since these results differ from those found by other investigators the accuracy of the analyses might be questioned but the carbon balance, as well as the redox index, shows that the analyses are, in general, satisfactory. The purity of the cultures is hardly to be questioned. Represented among the cultures studied are those received from four different investigators. It is evident that the present schemes of the propionic acid fermentation are not entirely satisfactory, inasmuch as it is impossible to apply experimental values to the schemes. The problem of the mechanism of the fermentation therefore requires further investigation.
Schemes of glucose dissimilation generally represent the hexose chain as being split into two 3-carbon molecules, an exception being Virtanen's 4-and 2-carbon cleavage. The 3-carbon scheme requires that every 2-carbon product be accompanied-by a 1-carbon compound. It is evident that the C02 is not equivalent to the acetic acid in a number of fermentations. The large excess of CO2 suggests the occurrence of a 2-carbon intermediary which is synthesised into a compound of higher number of carbon atoms. Succinic acid is a product which might thus originate. Each molecule of succinic acid formed would result in two molecules of C02 or some other 1-carbon compound. In some fermentations the quantities of C02 found are greater and in others less than that required by this hypothesis (CO2 acetic + 2x succinic acid). The occurrence of C02 in quantities greater than can be accounted for by the formation of succinic acid through a synthesis indicates there may be another source of CO2. The chemical structure of the non-reducing compound is not known, but there is apparently no correlation between it and the quantities of CO2 produced. The suggestion is made that C02 originates in the formation of propionic acid. A decarboxylation of succinic acid would yield propionic acid and C02.
It is realised that these proposals as presented are somewhat speculative. Supporting evidence will be given later, but to complete a possible scheme of the fermentation the results must be accounted for in which the yields of C02 are less than the calculated amounts when succinic acid is assumed to be formed by a synthesis. Two possibilities are suggested. The first is that succinic acid is formed by a 4-and 2-carbon cleavage of the glucose molecule thus yielding succinic acid without directly involving a 1-carbon compound. The second is that the succinic acid is formed by a synthesis and that part of the C02 (1-carbon compound) is utilised subsequent to its formation. Wood and Werkman [1936] presented evidence that C02 is utilised by the propionic acid bacteria during the fermentation of glycerol and pointed out that the evidence for Virtanen's 4-and 2-carbon cleavage is not conclusive. Although proof of the second suggestion cannot be considered conclusive until direct evidence is obtained that the propionic acid bacteria utilise C02 during the fermentation of glucose, our present information suggests such an occurrence. Possibly both the 4-and 2-carbon cleavage and C02 utilisation occur. Further investigation of this problem is under way.
It is not our purpose to claim in the present paper that the occurrence of the suggested reactions has been proved but to show that the data are in agreement with such a scheme. It is apparent that numerous reactions may give the same relative quantities of C02, succinic acid etc., as those involved in the formation of succinic acid from acetic acid. For example, the condensation of two molecules of pyruvic acid to diketoadipic acid with a subsequent splitting off of two molecules of C02 yielding succinaldehyde and oxidation of the succinaldehyde to succinic acid yields the same quantitative results.
Apart from the data there is evidence substantiating the formation of succinic acid by synthesis as shown by Wood and Werkman [1936] . The future problem is one of determining the intermediate compounds of the condensation. Evidence
PROPIONlBACTERIUM AND GLUCOSE of the activation of acetic acid has been obtained by the authors and these results are discussed in relation to this problem in a separate paper [Stone et al., 1936] . The formation of propionic acid from succinic acid finds support in the authors ' [1935] investigations showing that succinic acid occurs as an intermediary and may be decomposed. Hitchner [1934] obtained evidence that succinic acid is dissimilated to volatile acids in the presence of a simultaneous fermentation of carbohydrates. Shaw and Sherman [1923] presented data showing that their culture produced propionic and acetic acids in a solution of peptone and succinate; other investigators have not confirmed this, however. That the propionic acid bacteria can dissimilate succinic acid under certain conditions is definitely established but the mechanism and products of the dissimilation have not been determined. The dissimilation is represented as a decarboxylation. It is evident that the succinic acid could be destroyed by other reactions which yield C02, thus giving the observed quantities of CO2. If the reaction proceeds by the Thunberg series and pyruvic acid is formed it is probable that part of the pyruvic acid will be oxidised to acetic acid and CO2. This oxidation would necessitate an increased reduction and thus an increase in propionic acid. The result would be an increase in CO2 and propionic acid. For simplicity the change is shown as a decarboxylation in the following scheme (Fig. 1 (Fig. 1) illustrate the agreement between the data and schemes involving the foregoing suggestions. The quantities of CO2, acetic acid and succinic acid have been used as a starting basis for substitutions. Fermentation 34W1, Table II Fermentation 1lWg may be cited as an example in which a 4-and 2-carbon cleavage may have occurred or a utilisation of C02 -Consider first the 4-and 2-carbon cleavage (data in italics). If all of the acetic acid and succinic acid were produced following a 3-carbon cleavage of the glucose molecule there would be formed 77-6 m.mol. of C02. The observed value is 51-5. Each molecule of glucose fermented to succinic acid and acetic acid by the 4-and 2-carbon cleavage would decrease the quantity of C02 produced by 3 m.mol. 77-6 -51-5 divided by 3 gives 8-7, the smallest quantity of glucose which could undergo a 4-and 2-carbon cleavage and give a calculated quantity of C02 equal to the observed. Using 8-7 as the glucose fermented by a 4-and 2-carbon cleavage, substitutions have been made as described above. The observed propionic acid is 114-8 and the calculated 113-3, +H=226-6, -H=229-6.
Calculations from the same fermentation are shown in which there is an assumed utilisation of C02. The method of calculation is evident. The observed propionic acid is 114-8 and the calculated 113-3, +H=331-4, -H=334-0.
It is evident that the scheme of fermentation meets the requirements of the quantitative data. Although a number of the fermentations do not give as good balances as the two chosen, they substantiate the scheme. fermentation at 300 with culture 34W in 0-4 % yeast extract and 1-4 % CaCO3 there were produced 3-5 m.mol. of volatile acid, 4-7 m.mol. of C02, 0-3 m.mol. of succinic acid and no non-reducing sugar per litre of medium. Oxidation-reduction balances calculated from Van Niel's results are not satisfying and suggest that the nitrogen source materially affected the carbohydrate metabolism. It is difficult to speculate as to the mechanism of fermentation under such conditions. The use of various sources of nitrogen may have caused the different types of fermentation. The formation of succinic acid entirely from compounds of the yeast is excluded in our fermentation, for in exp. 36W5 5-2 g. of succinic acid were produced per litre in a medium containing 4-0 g. of yeast extract.
SUMMARY.
The propionic acid fermentation of glucose has been investigated quantitatively and the results show certain points of disagreement with present schemes of the fermentation. The following conversions are suggested to be involved and the data are shown to fit schemes including these reactions.
